To study the influence of acidosis on free rad ical formation and lipid peroxidation in brain tissues, ho mogenates fortified with ferrous ions and, in some ex periments, with ascorbic acid were equilibrated with 5-15% 0, at pH values of 7.0,6,5,6,0, and 5,0, with sub sequen-t measurements of thiobarbituric acid-reactive (TBAR) material, as well as of water-and lipid-soluble antioxidants (glutathione, ascorbate, and a-tocopherol) and phospholipid-bound fatty acids (PAs), Moderate to marked acidosis (pH 6,5 -6.0) was found to grossly ex aggerate the formation of TBAR material and the de crease in a-tocopherol content and to enhance degrada-
tion of phospholipid-bound, polyenoic FAs. These effects were reversed at pH 5.0, suggesting a pH optimum at pH 6. 0-6.5. It is concluded that acidosis of a degree en countered in ischemic brain tissues has the potential of triggering increased free radical formation. This effect may involve increased formation of the protonated form of superoxide radicals, which is strongly prooxidant and lipid soluble, and/or the decompartmentalization of iron bound to cellular macromolecules like ferritin. Key Words: Acidosis-Brain homogenates-Iron-Lipid peroxidation.
of a source of hydrogen peroxide, the Haber and Weiss reaction (1934) can give rise to hydroxyl rad icals ('OH), a likely initiator of reactions leading to molecular damage in the form of protein cross linking and lipid peroxidation, Since this reaction is inherently slow. it is now assumed to involve ca talysis by transition metals, mainly iron, according to the following reactions (see Freeman and Crapo, 1982; Halliwell and Gutteridge, 1984) :
·O � -+ H�Oc � Oc + 'OH + OH-
Thus, 'Oc -(or other reducing agents) is believed to reduce Fe' + to Fe 2 + , the latter then reducing H202
with the production of 'OH radicals. It should be recalled, though, that it has neither been established that the net reaction (Eq. 3) is catalyzed by free Fe� + nor is clear that 'OH is the radical species that initiates lipid peroxidation [for literature see Bus and Gibson (1979) and Halliwell and Gutteridge (1984) ]. Thus, catalysis may be achieved by Fe 2 + chelated to, e.g., nucleotides, and the initiator of lipid peroxidation could be a ferryl or perferryl ion complex or another oxygen radical such as the pro tonated form of 'Oc -(see below). Whatever is the initiator, though, the participation of decompart mentalized iron seems established.
Considerable evidence exists that the brain damage induced by ischemia of a defined density and duration is enhanced by preischemic hypergly cemia, probably because the latter exaggerates the lactic acidosis during ischemia [for reviews, see Myers (1979) , Siesj6 (1982 Siesj6 ( , 1984 , Plum (1983) , Siesj6 and Wieloch (1984) ]. One possible molecular mechanism involved is enhancement of free radical formation and lipid peroxidation. Thus, Bernheim (1963) showed that a lowering the of pH of brain homogenates enhanced formation of thiobarbituric acid reactive (T BAR) material, and postulated that the effect of acidosis was to dissociate protein bound iron (see Barber and Bernheim, 1967) . Al though this pioneering work seems to establish that acid pH promotes peroxidative reactions by an iron-dependent mechanism, it has been repeatedly emphasized that it is difficult to equate the extent of lipid peroxidation with measured TBAR values, especially in the presence of added iron. This is because iron can enhance both the initiation of free radical formation, and the breakdown of lipid hy droperoxides formed, and also because iron can en hance TBA coulour derived from a fixed amount of lipid peroxide (Wills 1964, Kellogg and Fridovich 1975) . The results of Wills (1966) seem to establish that the TBAR material formed at low pH really represents peroxidized lipid; however the studies were performed on fatty acid emulsions and ho mogenates from extra-cerebral tissues. For that reason, we lowered the pH in the homogenates to pH values encountered during ischemia and mea sured not only TBAR material but also the contents of water and lipid soluble antioxidants, as well as of phospholipid-bound fatty acids (FAs).
MATERIALS AND METHODS

Operative and sampling techniques
All experiments were performed on brain cortical tissue from fed male Wistar rats (body weight 350 -450 g). The animals were anesthetized with halothane (3 -4%), maintained on 70% N20/30% 02' while paralyzed and artificially ventilated. The brains were frozen in situ by pouring liquid nitrogen into a funnel fitted to the skull bone (Pontt�n et al., 1973) . Blood gas parameters were measured before freezing to ensure that normoxic and normocapnic (arterial P02 > 100 mm Hg, Peo2 35-40 mm Hg) conditions were at hand. The brains were chiseled out during irrigation with liquid nitrogen, and the tissue was kept at -80°C until used for the in vitro experiments.
Preparation of brain homogenates
Cortical tissue (up to 400 mg from each brain) was dis sected at -22°C and transferred to an ice-cold 50 mM potassium phosphate buffer containing 15 mM Na + and J Cereb Blood Flo\\' Me/abol, Vol. 5, No.2. 1985 145 mM K +. The buffer solution was equilibrated with 100% N2 for at least 1 h before use. The tissue was kept in the cold buffer solution for 10 min before it was ho mogenized with a Te flon-glass homogenizer.
Two series of experiments were performed. In the first, homogenates (80 mg tissue/m!) fortified with ferrous sul fate (final concentration 0.1 mM) were equilibrated with either pure No or with 5% 0,/95% N, for 45 min, and measurements were made o(TBAR material, reduced (GSH) and oxidized (GSSG) glutathione, reduced and ox idized ascorbate, and phospholipid-bound FAs. In the second series (equilibration with 15% 0,), ascorbic acid (0.1 mM) was added as well to homogenates containing 50 mg tissue/mL with subsequent measurements ofTBAR material and a-tocopherol content.
In the first series, we adjusted the H2P04 -/HPO/ ratio of the buffer to give pH 7.0, while a pH of 6.0 was obtained by addition of 32 mM lactic acid. In the second series, 20 mM lactic acid was added to all homogenates with pH of <7.0, and the desired pH values were ob tained by appropriate variations in the H2P04 -IHPO/ ratios.
Incubation conditions
The incubation system employed was similar to thai reported by Rehncrona et al. (1980) . Aliquots of the brair, cortical homogenates were incubated in tonometers (tota' volume �35 ml) in a water bath at 37°C for 45 min. Zero time samples were obtained just before the start of in· cubation. During the incubation, the tonometers were continuously rotated and perfused with N2 gas or N2 gas containing 5 -15% oxygen. To obtain oxygen-free N, (100% N,), nitrogen gas was delivered to the tonometers through a copper catalyst at 500°C.
Analytical techniques
Chemicals. Chloroform, toluene, n-butanol, pyridine, diethylether, light petroleum (boiling point 40-60°C), as corbic acid, and a-tocopherol were obtained from Merck (Darmstadt, West Germany). Methanol Pronalys was from May and Baker Ltd. (Dagenham, England) and hexane from Rathburn Chemicals (Walkersbrum, Pee bles, Scotland). 5,7-Dimethyltocol was obtained from Koch-Light (Colnbrook, England). 2-Thiobarbituric acid, sodium dodecyl sulfate, GSH and GSSG, yeast gluta thione reductase (EC 1.6.4.2), NADPH, 5,5-dithiobis-(2nitrobenzoic acid), N-ethylmaleimide, and Norit A were from Sigma Chemical Co. (St. Louis, MO, U.S. A.). Cat alase (EC 1.11.1.6) was from Boehringer, Mannheim. 2,6-Ditert-butyl-p-cresol (BHT) was from Fluka AG (Swit zerland) and heneicosanoic acid (21 :0) from Larodan Lipids AB (Malmo, Sweden). Standards of FA methyl esters were from Sedary Research Laboratories (Ontario. Canada). All chemicals and solvents were analytical. HPLC, or spectrographic grade.
Determination of TEAR materials The concentration
of TBAR materials was measured essentially according to the method reported by Yagi (1982) . Briefly. \.0 ml of the reaction mixture was added to the same amount of 8. 1 % sodium dodecylsulfate. and then 1.5 ml of acetate buffer (pH 3.5) was added. After the addition of 1.5 ml of 0.8% thiobarbituric acid, the mixtures were incubated for 30 min in boiling water. After cooling, the pink-col ored materials were extracted with 0.5 ml of n-butanol pyridine (15: I, by vol) and centrifuged. The absorbance of the organic phase was measured spectrometrically at 532 nm.
Determination of GSSG. An aliquot of 0.3 ml tissue homogenate was extracted according to Shrivastava and Butler (1968) . The estimation of GSSG is based on the reduction of GSSG in the presence of NADPH and glu tathione reductase and the determination of the decrease in NADPH fluorescence (see Folbergrova et aI., 1979) .
Determination of GSH (GSH + GSSG). An aliquot of 0.3 ml tissue homogenate was extracted according to Lowry and Passonneau (1972) . The amount of GSH was estimated after its oxidation to GSSG in the presence of hydrogen peroxide. GSSG was then determined by the glutathione reductase reaction as described above.
Determination of total ascorbate. The tissue homoge nate was extracted and analyzed for total ascorbate con tent according to Omaye et al. (1979) . In short, a I-ml aliquot of nonincubated or incubated homogenate was mixed with 0.1 ml 3 M perchloric acid. Following cen trifugation for 10 min at 12,000 rpm, 0.9 ml of the super natant was neutralized with 2 M potassium carbonate and centrifuged. A 0.9-ml aliquot of the supernatant was mixed with 0.3 ml 20% trichloroacetic acid and 60 mg acid-washed activated charcoal (Norit A) and centrifuged for 10 min at 12,000 rpm. The supernatant was forced through a 0.6-fLm Millipore filter and analyzed by the procedure of Roe and Keuther (1943) .
Determination of reduced ascorbate. A 0.25-ml aliquot of tissue homogenate was mixed with 0.05 ml m-phos phoric acid (30%) and centrifuged at 12,000 rpm for 30 s.
A 20-fLI aliquot of the supernatant was mixed with I ml 0.1 M sodium citrate/phosphate buffer (pH 5.6) and 2 ,.11 enzyme (0.5 mg/ml of ascorbate oxidase, dissolved in 0.1 M sodium citrate/phosphate buffer, pH 5.6). The absor bance at 265 nm was measured before addition of enzyme and 10 min after the reaction was started. For details, see Cooper et al. (1980) . Extraction and analysis (�l brain lipids. Aliquots (1 ml) of brain cortical homogenates were transferred to a mix ture of methanol (2.5 ml) and chloroform (I ml) containing 100 fLg of BHT as an antioxidant. The mixture was kept at room temperature for I h before centrifugation at 2,500 g. The tissue residue was extracted once more with 1.0 ml of chloroform/methanol (I: I vol/vol) and was then re moved by filtration. Heneicosanoic acid (10 fLg) was added to the combined extracts as an internal standard.
Two milliliters of 1% NaCi in HCI (0.01 M) was added to the extract. Following centrifugation, the upper layer was discarded and the lower layer was washed with 3 ml methanol/H20 (1: 1 vol/vol). The phases were separated by centrifu,gation, and the chloroform phase was evap orated. The lipids were then dissolved in 5 ml chloroform/ methanol (2: 1 vol/vol), and the solution was stored at -20°C until acylated FAs were transesterified in 0.38 M sulfuric acid in methanol/toluene (1: 1 vol/vol) as de scribed by Akesson et al. (1970) . The FA methyl esters were separated by gas-liquid chromatography (model 3700; Varian, Zug, Switzerland). Diethylene glycol suc cinate (10% on 80/100 mesh Varaport 30) was used as the stationary phase in a 2 m x 2 mm internal diameter glass column with nitrogen as carrier gas. The temperature was programmed from 160 to 18SOC at a rate of 1°C' min � 1. The detector linearity was checked using commercially available mixed standards of FA methyl esters. Peak area measurements with an electronic integrator (model CDS Ill; Varian) were used for quantitation.
Determination of o. -tocopherol. Brain o.-tocopherol was determined according to Westerberg et al. (1981) . An aliquot of 0.5 ml tissue homogenate was extracted with 1.5 ml hexane/ethanol (2: 1 vol/vol) containing 1.06 fLg . ml � 1 of 5,7 -dimethyltocol. The mixture was centri fuged for 10 min at 10,000 rpm, and the hexane phase was used for HPLC (model U6K injector, model 6000A sol vent delivery system, mode1440 absorbance detector Wa ters Associates, Milford, MA, U.S.A.) analysis of o.-to copherol. Hexane containing 0.8% ethanol was used as mobile phase with a fL-Bondapak-NHo column (IO fLm particle size; Waters Associates). Ultra�iolet absorbance at 280 nm was used for detection, and a flow rate of 1 ml . min�l was employed.
Statistics. We calculated statistical differences using one-way analysis of variance and the Newman-Keul test.
RESULTS
In the first part of the study, which served the purpose of a preliminary survey of peroxidative changes at reduced pH, homogenates were equili brated with 5% 02 at pH values of 7 and 6, with subsequent measurements ofTBAR material, GSH, GSSG, total and reduced ascorbate, and phospho lipid-bound FAs. The results confirmed the data of Barber (1963) in showing a large increase in TBAR material at pH 6 as compared with pH 7 (1.02 ± 0. 03 and 0. 54 ± 0. 11 f.Lmol · g-I, respectively). The results of Ta ble 1 demonstrate that the iron-cata lyzed lipid peroxidation was acompanied by oxi dation of GSH to GSSG and of ascorbate to dehy droascorbate. However, reduction of pH from 7 to 6 did not increase GSSG, nor were there significant differences in total or reduced ascorbate contents at the two pH values. In the pH 7 group, one grossly aberrant value for reduced ascorbate was obtained.
When this was excluded, the data demonstrate that neither the ratio of oxidized to reduced GSH nor that of oxidized to reduced ascorbate was altered at pH 6. 0 (Fig. I) .
The results of Ta ble 1 show that the content of total FAs, as well as of the polyenoic FAs (18:2, 20:3, 20:4, 22:4) , was reduced at pH 6 but not at pH 7 (the contents of saturated and monoenoic FAs were identical at the two pH values). For the poly unsaturated FAs, the values obtained at pH 6.0 were also significantly lower than those measured at pH 7.0.
The results thus demonstrate that a lowering of pH from 7 to 6 enhanced the formation of TBAR material and the degradation of phospholipid-bound polyenoic FAs, but that it had no influence on the oxidation of the water-soluble free radical scaven gers (glutathione and ascorbate). For that reason, and since we anticipated that even smaller changes in pH should not lead to significant changes in FA contents, subsequent experiments were conducted Values are means ± SEM. n = 4. Saturated FA. 16:0. 18:0. and 20:0: monounsaturated FA. 16: I. 18: I. and 20: I: polyunsaturated FA. 20:2. 20:3, 20:4. 22:4, and 22:6.
" p < 0.01 versus control group.
" p < 0.01 versus control and N, groups. ,. p < 0.05 versus N, group.
d P < 0.01 versus N; group.
, p < 0.05 versus O� group. pH 7.
with measurements of TBAR material and ex-to copherol content.
In the second series, homogenates were incu bated at pH values of 7.4, 7.0, 6.5, 6.0, and 5.0. Figure 2 shows that reduction of pH from 7.0 to 6.5 markedly enhanced the formation of TBAR mate rial. At pH 6.0, the value was even higher, but at pH 5.0, it did not differ from that at pH 7.0. As observed, an increase in pH from 7.0 to 7.4 had no significant effect. The data suggest a pH optimum at pH 6.0-6.5.
As Fig. 2 shows, changes in ex-tocopherol content mirrored those in TBAR material. At pH 7.0, only small reduction was seen, but at pH 6.0-6.5, the ex tocopherol content was reduced to �20% of con trol.
DISCUSSION
The present results confirm and extend the orig inal observation made by Bernheim (1963) that aci dosis enhances free radical formation and lipid per oxidation in brain homogenates in vitro. Our results establish that the enhanced formation of TBAR ma terial is accompanied by an exaggerated decrease in ex-tocopherol content, and by disappearance of polyenoic, phospholipid-bound FAs. They also demonstrate that the pH optimum for these effects is at pH 6.0-6.5.
In discussing the present results, it seems justi fied to recall the sequence of events leading to the formation of TBAR material as a result of free rad ical production (see Barber and Bernheim, 1967; Mead, 1976; Aust and Svingen, 1982; Freeman and Crapo, 1982) . We will assume that the ascorbate present allows the continuous reduction of Fe 3 + to Fe 2 +, thus regenerating the metal catalyst of the Haber and Weiss reaction. Given a free radical (-Q) , its reaction with an unsaturated fatty acid (LH) can be written as follows:
LOa-+ LH � LOOH + L-
In the initiation step (Eq. 4), a free radical, by ab stracting a hydrogen from the fatty acid, starts the peroxidative chain, producing a peroxy acyl inter- Although the site of action of antioxidants has not been precisely determined, it is believed that GSH, apart from acting as a scavenger of free radicals (.Q 7.0 6.5 6.0 5.5 5.0 pH enhanced dislocation of compartmentalized iron could have caused additional accumulation of TBAR material by increasing the rate of breakdown of lipid hydroperoxides (Wills, 1964; Kellogg and Fridovich, 1975; Aust and Svingen, 1982) .
Given the fact that acid pH increases the rate of free radical production, one must inquire into the mechanisms. Based on data reported in the litera ture, two mechanisms can be envisaged. Gebicki and Bielski (1981) emphasized that since the hydro genated form of .02 -('OOH) has a pK of �4. 8, an acid pH must increase the proportion of 'OOH, the latter being a stronger oxidant than '02 -, and also more soluble in the lipid phase (see Halliwell and Gutteridge, 1984) . The second possibility is that low pH releases protein-bound iron, as originally sug gested by Bernheim (1963) . More recent data sug gest that low pH can help releasing iron from its binding sites in, e.g., transferrin and ferritin (Aisen, 1979; Paques et aI., 1979) . Although both of these possibilities appear plausible, they do not explain why the effect of acidosis is reversed when the pH is lowered to 5. 0. Additional experiments are re quired to settle this point.
We have referred to the fact that acidosis exag gerates tissue damage caused by transient ischemia.
Obviously, the present results offer a plausible ex planation for the molecular effects involved. We wish to emphasize, though, that any conclusions must be tentative owing to the difficulty of extra polating results from dilute homogenates, fortified with ferrous salt and ascorbate, to the in vivo sit uation. Nonetheless, our results serve the purpose of indicating one of the potentially adverse conse quences of reduced pH.
